The location of a remembered reach target can be encoded in egocentric and/or allocentric reference frames. Cortical mechanisms for egocentric reach are relatively well described, but the corresponding allocentric representations are essentially unknown. Here, we used an event-related fMRI design to distinguish human brain areas involved in these two types of representation. Our paradigm consisted of three tasks with identical stimulus display but different instructions: egocentric reach (remember absolute target location), allocentric reach (remember target location relative to a visual landmark), and a nonspatial control, color report (report color of target). During the delay phase (when only target location was specified), the egocentric and allocentric tasks elicited widely overlapping regions of cortical activity (relative to the control), but with higher activation in parietofrontal cortex for egocentric task and higher activation in early visual cortex for allocentric tasks. In addition, egocentric directional selectivity (target relative to gaze) was observed in the superior occipital gyrus and the inferior occipital gyrus, whereas allocentric directional selectivity (target relative to a visual landmark) was observed in the inferior temporal gyrus and inferior occipital gyrus. During the response phase (after movement direction had been specified either by reappearance of the visual landmark or a pro-/anti-reach instruction), the parietofrontal network resumed egocentric directional selectivity, showing higher activation for contralateral than ipsilateral reaches. These results show that allocentric and egocentric reach mechanisms use partially overlapping but different cortical substrates and that directional specification is different for target memory versus reach response.
Introduction
To reach for a remembered object, one must maintain an internal spatial representation of its location, either relative to some egocentric (body-fixed) frame of reference, such as the eyes, head, or shoulder, or some allocentric (world-fixed) frame of reference, such as a stable visual landmark (Bridgeman et al., 1997; Burnod et al., 1999; Carrozzo et al., 2002; Olson, 2003; Crawford et al., 2011) . Behavioral studies have investigated the influence of visual landmarks on reach (Krigolson and Heath, 2004; Obhi and Goodale, 2005; Krigolson et al., 2007) and the interactions between egocentric and allocentric representations for memoryguided targets (Byrne and Crawford, 2010; Byrne et al., 2010; Chen et al., 2011; Schütz et al., 2013) . However, the cortical mechanisms for egocentric reach are still debated, and the neural mechanisms for allocentric reach are essentially unknown.
Neuropsychological studies of vision and action suggest that egocentric coding is associated with parietal cortex (which is closely associated with frontal cortex), and allocentric coding is associated with temporal cortex (Goodale and Haffenden, 1998; Schenk, 2006; Milner and Goodale, 2008) . Primate neurophysiological studies and human fMRI studies have investigated the neural substrates of egocentric reaching/pointing in considerable detail (Andersen et al., 1993 Batista et al., 1999; Connolly et al., 2000 Connolly et al., , 2003 DeSouza et al., 2000; Andersen and Buneo, 2002; Astafiev et al., 2003; Medendorp et al., 2003 Medendorp et al., , 2005a Prado et al., 2005; Fernandez-Ruiz et al., 2007; Beurze et al., 2010) . These studies have shown that posterior parietal cortex (PPC) and dorsal premotor cortex (PMd) are involved in egocentric representation of reach targets, with a contralateral left-right topography in human cortical areas, such as midposterior intraparietal sulcus (mIPS), and superior parieto-occipital cortex (SPOC) (Vesia and Crawford, 2012) . In comparison, allocentric mechanisms have only been studied for spatial judgments in cognitive tasks (Fink et al., 2000; Committeri et al., 2004; Neggers et al., 2006; Zaehle et al., 2007) , saccade coding (Olson and Gettner, 1995; Olson and Tremblay, 2000; Sabes et al., 2002; Olson, 2003) , and manual distance judgments (Thaler and Goodale, 2011) . To our knowledge, the neural substrates for allocentric coding of reach targets (i.e., target direction relative to a visual landmark: allocentric directional selectivity) have never been studied or directly compared with egocentric mechanisms (i.e., target direction in an egocentric frame: egocentric directional selectivity).
Here, we used an event-related fMRI paradigm: (1) to explore brain regions involved in spatial coding of remembered reach targets in egocentric and allocentric frames of reference; (2) to establish which brain areas show directional selectivity when encoding target location in egocentric versus allocentric coordinates; and (3) to compare this to egocentric directional selectivity during the response phase. The results showed that, although allocentric and egocentric mechanisms for reach target coding show considerable overlap, they differ in key areas, both from each other and from the cortical activity during the reach response.
Materials and Methods
Participants. Thirteen right-handed participants (9 females and 4 males, 23-40 years of age) took part in this study and gave informed consent. All had normal or corrected to normal vision and had no known neuromuscular deficits. This study was approved by the York Human Participants Review Subcommittee.
Experimental stimuli and apparatus. Visual stimuli consisted of dots of light produced by fiber optic cables that were embedded in a custom-built board mounted atop a platform. The platform was placed above the abdomen of the participant and affixed to the scanner bed through notches. The height and tilt of the platform could be adjusted to allow participants to reach comfortably to the stimuli (Fig.  1A) . A computer-controlled touch screen (Keytec, dimensions 170 (h) ϫ 128 (v) mm) was attached on the custom-built board to allow the recording of reaching endpoints. An eye-tracking system (iView X) was used in conjunction with the MRI-compatible Avotec Silent Vision system (RE-5701) to record gaze movements from the right eye during fMRI experiments.
The head of the participant was slightly tilted (ϳ20 degrees) to allow direct viewing of the stimuli without using mirrors. The board was approximately perpendicular to the direction of gaze on the central fixation point and was placed ϳ60 cm away from the eyes of the participants. The upper arm was strapped to the bed to avoid artifacts due to the motion of the shoulder and the head; therefore, reaching consisted of movements of the forearm and hand. A button pad was placed on the left side of the participant's abdomen. The button pad was used as a response key for the Color report task as well as the starting position for the right hand for the egocentric reach and allocentric reach tasks (see Experimental paradigm and timing). Participants wore headphones to hear audio instructions about the upcoming trial. During the experiment, participants were in complete darkness with the only exception of dots of light that served as visual stimuli. The dots of light were bright enough to be seen by the participant but too dim to allow viewing of the workspace. The hand was never visible to subjects, even during reaching.
Each dot of light had a diameter of 3 mm, and different colors were associated with different stimuli: yellow for the fixation dot, green or red for the target to be reached, blue for the visual landmark, and white for the mask. There were seven possible fixation points horizontally separated from each other by one degree, with the central one aligned to the participant's body midline. The dots of light corresponding to targets and relative visual landmarks were located to the left and the right of the fixation point. They were also separated from each other by a visual angle of one degree. There were four dots on the left and four dots on the right of the fixation point. Because these dots could be red, green, or blue, they could be used as a target or a visual landmark in different trials. This allowed us to have 40 different combinations of target and visual landmark locations, in which the target could be located one or two visual degrees to the left or to the right of a visual landmark. Initial target and visual landmark were both presented either to the left or to the right of the fixation point. Therefore, the target could be displayed from one to nine visual degrees to the left or to the right of the initial fixation. The target presented to the right or left of the gaze was also to the right or left Figure 1 . Experimental setup and paradigm. A, Picture of the participant's setup from a side view. B, Illustration of the experimental paradigm. The display of the visual targets is the same for the three tasks (Egocentric reach, Allocentric reach, and Color report). The critical difference between the two reach tasks is the frame of the reference used by the participant to encode target location for the upcoming action. In the Egocentric reach task, target location is encoded relative to the self. In the Allocentric reach task, target location is encoded relative to the landmark. In the Color report task, target color, rather than location, is being remembered and reported.
of body midline (for instance: target right of gaze ϭ target right of body midline, target left of gaze ϭ target left of body midline).
The mask consisted of 20 dots of light organized in two rows: one above and one below the targets. The location of each dot for the mask was aligned with the midpoint between dots serving as targets and visual landmarks. The purpose of having a mask was to avoid potential aftereffects created by the illumination of the target and the landmark in the dark. Because our analyses focused mainly on the delay phase, it was critical that participants were using memory information to recruit the location of the target rather than exploiting the afterimage of the target for the upcoming reach.
Experimental paradigm and timing. We used an event-related design to investigate three main questions. First, we examined the cortical circuits involved in processing the location of a reach target in egocentric and allocentric coordinates during the memory delay. Second, we investigated the areas showing directional selectivity when encoding target location in an egocentric versus an allocentric representation during the memory delay. Third, we examined the brain areas involved in processing the reach direction for action planning and execution.
The paradigm included three tasks: egocentric reach (Ego), allocentric reach (Allo), and color report (Color) (Fig. 1B) . In the allocentric reach task, participants had to remember and later reach toward the location of the target relative to a visual landmark. The target and the landmark were initially presented together; then the landmark reappeared at the same or at a different location ( Fig. 1B; for details, see below). Because the landmark could reappear to the left or right of the midline, the horizontal position of the reach could not be predicted during the initial memory period (the delay phase). In the egocentric reach task, participants had to remember and reach toward the remembered location of the target, either at the location it initially appeared (pro-reach) or toward its mirror location in the opposite hemi-field (anti-reach). The anti-reach condition was included to equalize the motor aspects of the Ego and Allo tasks (i.e., in both cases the horizontal reach position could only be computed when the instruction to perform a reach or an anti-reach was given). Therefore, in both tasks, the activation elicited during the delay phase could only be related to the encoding horizontal target location, rather than reach planning (although other types of directionally nonspecific motor preparation for a forward reach might occur during this phase). The color report task served as a control, and participants had to press a button one or two times depending on whether the target was green or red.
Before each trial, a recorded voice instructed the participant about the upcoming task: "Reach to target" (in egocentric reach tasks), "Reach relative to cue" (in allocentric reach tasks), "Report target color" (in color report tasks). Although the audio cue occurred 8 s before presentation of the target, participants performed the actual movement upon the go instruction only at the end of the same trial.
Each trial started with the presentation of a fixation point that participants were required to fixate throughout the experiment. After 2 s, a target was presented for 2 s along with a landmark. Depending on the initial instruction, after the target and landmark disappeared, participants had to remember the location of the target regardless of the landmark (egocentric reach), the location of the target relative to the landmark (allocentric reach), or the color of the target (color report). After the brief presentation of target and landmark, the fixation point shifted to the center and was followed by a 12 s delay during which a mask appeared. By shifting the fixation point before the delay period, the possibility of using the fixation point as an allocentric cue in the Ego task was removed. To keep all tasks as similar as possible, the fixation shift was retained in the Allo and Color tasks as well. After the delay, the landmark reappeared for 2 s either at its original location or at another location in the same or opposite hemifield relative to its first appearance. Subsequently, an auditory signal cued the participant to reach toward the instructed egocentric target location (audio: "Target"), the location opposite to the egocentric target location (audio: "Opposite"), or the allocentric target location (audio: "Reach"). In the color report task, participants were informed to press the button corresponding to the color of the previously presented target (audio: "Color"). Our paradigm consisted of five phases (fixation point, stimulus presentation, delay, landmark presentation, response) (Fig. 1B) LG:RL, Color: RG:LL, Color: RG:RL. The 12 conditions were counterbalanced in each run. The "Left of Gaze" and "Right of Gaze" conditions included targets located to the left or right of the fixation point regardless of their distance from it. Similarly, the "Left of Landmark" and "Right of Landmark" conditions included targets located to the left or right of a visual landmark regardless of their distance from it (i.e., we did not include a target distance-from center covariate in our GLM). For the purpose of the analyses, we collapsed target locations into "Left" and "Right" relative to either gaze or visual landmark. Participants were trained to perform the tasks one day before the scanning session.
Behavioral recordings. Following our fMRI experiments, we inspected eye and hand position data for every trial to ensure that subjects correctly followed all instructions. Errors in eye movements were defined as trials in which subjects made a saccade toward the target or the visual landmark or were not able to maintain fixation during the delay phase. Errors in reaching movements were defined as trials in which the location of the reaching endpoint and the actual reach target location were on opposite sides relative to the midline on the touch screen. Trials that showed errors in eye and/or reach movements were modeled as confound predictors and excluded from further fMRI analyses (see Data analyses). All participants completed at least 95 correct trials (88% of the total trials).
To confirm that subjects actually used egocentric or allocentric visual information in the Ego or Allo task to encode target location as instructed, and to exclude the possibility that they simply reached toward the correct side of the screen midline, we performed a correlation analysis. First, we calculated the absolute distance between a subject's reaching response for a given trial and the screen midline; then we calculated the distance between the proper target location (whether egocentriclly or allocentrically defined) and the screen midline. If subjects were attempting to reach to the correct location, as instructed, these two values should be well correlated in both the Ego and Allo tasks. The across-subject means of these correlation coefficients were 0.31 Ϯ 0.04 for the Ego task and 0.45 Ϯ 0.04 for the Allo task. We then applied Fisher's r-to-z transformation to the individual subject correlation coefficients (r) so that we could use standard t tests to compare the between-subjects means of z values to zero. If subjects were using the egocentric or allocentric spatial information for target coding, then these coefficients should have been significantly greater than zero. Standard t tests showed that mean of correlation coefficient was significantly greater than zero in both tasks (p ego ϭ 0.00001, p allo ϭ 0.000002). Thus, both target location and allocentric cue location influenced behavior.
To further quantify participants' performance, we calculated the absolute error and the variable error in the horizontal dimension for each participant and each reach task (Ego or Allo), respectively. The absolute error is the absolute value of the distance between the target position and the endpoint of a reach movement and represents the amount by which the target was missed. The variable error was computed by taking the SD of the constant reaching errors and represents the variability of reach endpoints around the average endpoint. The across-subject means of absolute error were 1.42 Ϯ 0.09 cm for the Ego task and 1.48 Ϯ 0.07 cm for the Allo task. The across-subject means of variable error were 1.65 Ϯ 0.08 cm for the Ego task and 1.63 Ϯ 0.05 for the Allo task.
Imaging parameters. The experiment was conducted at the neuroimaging center of York University with a 3-T whole-body MRI system (Siemens Magnetom TIM Trio). The posterior half of a 12-channel head coil (6 channels) was placed at the back of the head in conjunction with a 4-channel flex coil over the anterior part of the head (Fig. 1A) . The former was tilted at an angle of 20°to allow a reach-to-touch movement to the touch screen as well as the direct viewing of the stimuli. size ϭ 64 ϫ 64 leading to in-slice resolution of 3 mm ϫ 3 mm; slice thickness ϭ 3.5 mm, no gap; 35 transverse slices angled at ϳ25°covering the whole brain). The slices were collected in ascending and interleaved order. During each experimental session, a T1-weighted anatomical reference volume was acquired using a MPRAGE sequence (TR ϭ 1900 ms; TE ϭ 2.52 ms; inversion time TI ϭ 900 ms; FA ϭ 9°; FOV ϭ 256 mmϫ 256 mmϫ 192 mm, voxel size ϭ 1 ϫ 1 ϫ 1 mm 3 ). Preprocessing. Data were analyzed using the Brain Voyager QX 2.2 software (Brain Innovation). The first 2 volumes of each fMRI scan were discarded to avoid T1 saturation effects. For each run, slice scan time correction (cubic spline), temporal filtering (to remove frequencies Ͻ2 cycles/run), and 3D motion correction (trilinear/sinc) were performed. The 3D motion correction was performed aligning each volume to the volume of the functional scan closest to the anatomical scan. After inspection of the 3D motion correction parameters, we discarded runs showing abrupt head motion exceeding 1 mm or 1°. The whole dataset of one participant was discarded from the analyses because of head motion exceeding our set threshold; therefore, data from 12 participants were included in the group GLM. The functional runs were coregistered to the anatomical image. Functional data were then transformed into standard Talairach space, using the spatial transformation parameters from each participant's anatomical image. Functional data were spatially smoothed using a FWHM of 8 mm.
Data analyses. For each participant, we used a GLM that included 21 predictors in total. In particular, one predictor was used for the eye movement to the fixation point (2 s or 1 volume). In the stimulus presentation phase, we used one predictor for target-landmark presentation and gaze shift (4 s or 2 volumes). In the delay phase, we used 12 predictors (12 s or 6 volumes), one for each experimental condition (see "Experimental paradigm and timing"). In the landmark presentation phase, we used one predictor (2 s or 1 volume). In the response phase (4 s or 2 volumes), we considered two factors: 3 tasks (Ego, Allo, color) ϫ 2 target relative to gaze (Left of Gaze: LG and Right of Gaze: RG), which gave rise to six predictors: Ego reach: LG, Ego reach: RG, Allo reach: LG, Allo reach: RG, color: LG, color: RG. This allowed us to explore the brain areas involved in processing the direction of the movement during reach response. Each predictor was derived from a rectangular wave function convolved with a standard hemodynamic response function (Brain Voyager QX's default double-gamma hemodynamic response function). In addition, we added six motion correction parameters and errors made in eye and reach data as confound predictors.
Voxelwise analyses. We performed contrasts on ␤ weights (␤) using an RFX (group random effects) GLM where percentage signal change transformation had been performed. Our questions were aimed at exploring brain areas that encode the target location during the delay phase before the movement (for predictions, see Fig. 2 ). First, we expected that areas involved in coding of target location and/or motor preparation for reach during the delay phase would show higher activity in the egocentric and allocentric reach tasks as opposed to the color report task. This was tested with Contrast no. 1: [(Delay Ego ϩ Delay Allo) Ͼ Delay Color], in which we collapsed the left and right locations of target relative to gaze and landmark in the delay phase. Second, we hypothesized that areas involved in egocentric coding of target location would show higher activation for the egocentric versus allocentric task. In contrast, areas involved in allocentric coding of target location would show higher activation for the allocentric versus egocentric task. Therefore, to further distinguish brain areas processing target location during the delay phase in egocentric versus allocentric coordinates, we performed Contrast no. 2: [Delay Ego Ͼ Delay Allo]. Third, we expected that egocentric directional selectivity (target location relative to gaze) would be revealed by higher activation for targets located to the left or to the right relative to the gaze. To explore areas showing egocentric directional selectivity, we performed Contrast no. 3: [Delay Ego (Target Right of Gaze) Ͼ Delay Ego (Target Left of Gaze)], in which we collapsed left and right target locations relative to landmark. Fourth, we expected that allocentric directional selectivity (target location relative to landmark) would be revealed by higher activation for target location to the left or to the right of the landmark. To investigate brain areas involved in allocentric directional selectivity, we performed Contrast no. 4: [Delay Allo (Target Right of Landmark) Ͼ Delay Allo (Target Left of Landmark)], in which we collapsed left and right target locations relative to gaze. Finally, we tested whether areas in the parietofrontal network of each hemisphere are involved in processing the location of the target in the contralateral visual hemifield for reaching movements during the response phase. This was tested by Contrast no. 5: [Reach (Target Right of Gaze) Ͼ Reach (Target Left of Gaze)] in egocentric and allocentric reach tasks, respectively. For this contrast, direction was defined according to the direction of the actual reach (i.e., reach direction relative to gaze).
Activation maps for group voxelwise results were overlaid either on the inflated anatomical image of one representative participant (see Figs.  3 and 8) or on the average anatomical image from 12 participants (see Figs. 4, 5, 6 , and 7). To correct for multiple comparisons, we performed a cluster threshold correction (Forman et al., 1995) using BrainVoyager's cluster-level statistical threshold estimator plug-in. This algorithm uses Monte Carlo simulations (1000 iterations) to estimate the probability of a number of contiguous voxels being active purely due to chance while taking into consideration the average smoothness of the statistical maps. Areas that did not survive a cluster threshold correction were excluded from further analyses. The estimated minimum cluster size was 11 voxels (3 mm 3 ) for a total volume of 297 mm 3 . Subsequently, a Bonferroni correction was applied to paired-sample t tests on ␤ weights extracted from the areas that survived the cluster threshold correction. The Bonferroni correction was performed for three comparisons (corrected p ϭ 0.0167) aimed at answering our main questions. The first group of comparisons performed on the results of Contrast nos. 1 and 2 was aimed at exploring differences between brain areas involved in egocentric and allocentric target coding. Therefore, we performed the following comparisons: Ego versus Color Allo versus Color, Ego versus Allo. The second group of comparisons performed on the results of Contrast no. 3 was aimed at investigating whether the coding of left and right target location relative to gaze was specific to the egocentric task or whether it applied also to other tasks. Therefore, we performed the comparison RG versus LG in Ego, Allo, and Color tasks, respectively. The third group of comparisons performed on the results of Contrast no. 4 was aimed at assessing whether the coding of target location relative to the landmark was specific to the allocentric task or it applied also to other tasks; therefore, we performed the comparison RL versus LL in Ego, Allo, and Color tasks, respectively. The results on ␤ weights are plotted in bar graphs in Figures  3, 4 , 5, 6, and 7 to illustrate significant differences between conditions at the corrected p value, unless specified (see Results). Results that are nonindependent of the selection criteria are indicated in square brackets in the ␤ weight plots.
Results
The main purpose behind our experimental design was to compare cortical activity related to egocentric and allocentric reach coding during the delay phase, illustrated in Figure 1B . In this phase of our tasks, only target direction was specified (in egocentric or allocentric coordinates), whereas reach direction was specified only at the end of the landmark presentation phase through the reappearance of the landmark in the allocentric reach task, or the pro-/anti-reach instruction in the egocentric reach task. We will begin with a detailed analysis of the delay phase followed by a brief analysis of egocentric directional coding during the response phase.
Task-related activation during the delay phase
We used Contrast no. 1 [(Delay Ego ϩ Delay Allo) Ͼ Delay Color] to investigate the brain areas showing higher activation in the two experimental reach tasks (Ego, Allo) relative to the nonspatial control task (Color). The activation map for this contrast is shown on an inflated cortical surface and the ␤ weights are plotted in bar graphs (Fig. 3) . The Talairach coordinates for the brain areas are shown in Table 1 . The activations shown by this contrast might be related to any aspect of target coding (not necessarily direction), cue location coding, and/or general motor preparation in anticipation of an oncoming reach movement.
This contrast revealed activation in PMd, mIPS, and SPOC bilaterally, middle frontal gyrus (MFG), inferior frontal gyrus (IFG), presupplementary motor area (PreSMA), and extrastriate cortex in the left hemisphere. Post hoc comparisons revealed higher activation for Ego versus Color in all these areas. In particular, this pattern was revealed in bilateral PMd (LH: t (11) ϭ 5.37, p ϭ 0.001; RH: t (11) ϭ 4.82, p ϭ 0.001), mIPS (LH: t (11) ϭ 4.29, p ϭ 0.001; RH: t (11) ϭ 4.34, p ϭ 0.001), SPOC (LH: t (11) ϭ 5.93, p ϭ 0.001; RH: t (11) ϭ 5.30, p ϭ 0.001), left MFG (t (11) ϭ 2.94, p ϭ 0.013), IFG (t (11) ϭ 2.84, p ϭ 0.016), PreSMA (t (11) ϭ 2.96, p ϭ 0.013), and extrastriate cortex (t (11) ϭ 4.61, p ϭ 0.001). In addition, some of these areas also showed higher activation for Allo versus Color. In particular, we found this pattern in bilateral PMd (LH: t (11) ϭ 4.23, p ϭ 0.001; RH: t (11) ϭ 2.60, p ϭ 0.02), SPOC (LH: t (11) ϭ 5.22, p ϭ 0.001; RH: t (11) ϭ 3.36, p ϭ 0.006), left MFG (t (11) ϭ 3.11, p ϭ 0.010), IFG (t (11) ϭ 3.20, p ϭ 0.008), PreSMA (t (11) ϭ 3.26, p ϭ 0.008), mIPS (t (11) ϭ 2.92, p ϭ 0.014), and extrastriate cortex (t (11) ϭ 3.11, p ϭ 0.010). Moreover, the post hoc t tests also revealed higher activation for Ego than Allo in bilateral SPOC (LH: t (11) ϭ 3.68, p ϭ 0.004; RH: t (11) ϭ 3.64, p ϭ 0.004), right PMd (t (11) ϭ 3.47, p ϭ 0.005), and mIPS (t (11) ϭ 2.63, p ϭ 0.02).
In summary, there was considerable overlap between areas showing higher activation in each of the two experimental reach tasks as opposed to the nonspatial control task. In par- Figure 2 . Predicted BOLD signal changes based on our four contrasts during the delay phase for the voxelwise group data. A, We expected that areas involved in reach target representation for Egocentric (Ego) and Allocentric (Allo) reach tasks would elicit higher activation compared with the Color report (Color) task. B, Areas involved in coding reach target in egocentric coordinates would elicit higher activation in the Ego task as opposed to the Allo task and vice versa. We did not have any specific prediction about the level of activation in the Color task compared with the Allo task for allocentric coding areas. C, We expected that egocentric directional selectivity (target location relative to gaze) would be revealed by higher activation for target to the right versus left of the gaze in the left hemisphere. D, We expected that allocentric directional selectivity (target location relative to landmark location) would be revealed by higher activation for target to the right versus left of the landmark in the left hemisphere. ticular, these areas include bilateral PMd and SPOC, as well as left MFG, IFG, PreSMA, mIPS, and extrastriate cortex. Among these areas, bilateral SPOC, right PMd and mIPS also show higher activation for Ego versus Allo tasks.
To investigate possible additional areas showing higher activation for Ego versus Allo tasks and vice versa, we used Contrast no. 2, in which we directly compared Ego and Allo activation in the delay phase (Fig. 4) . The Talairach coordinates for the brain areas found with this contrast are shown in Table 2 . The results confirmed higher activation for Ego versus Allo tasks in bilateral SPOC, and PMd in the right hemisphere, and did not reveal any additional area with this pattern of activation. These "egocentric" areas also showed significantly higher activation in the allocentric task versus the color control task, suggesting that they were always active to some degree when a reach was being prepared.
Several other areas in the early visual cortex showed higher activation for the Allo versus Ego tasks (Fig. 5) . In particular, we found bilateral lingual gyrus (LG) (LH: t (11) ϭ 4.04, p ϭ 0.002; RH: t (11) ϭ 3.75, p ϭ 0.003), calcarine sulcus (LH: t (11) ϭ 3.32, p ϭ 0.007; RH: t (11) ϭ 3.38, p ϭ 0.006), and cuneus (LH: t (11) ϭ 3.78, p ϭ 0.003; RH: t (11) ϭ 3.71, p ϭ 0.003). In addition, these areas also showed higher activation for Color versus Ego, including bilateral LG (LH: t (11) ϭ 3.22, p ϭ 0.008; RH: t (11) ϭ 2.97, p ϭ 0.013), calcarine sulcus (LH: t (11) ϭ 3.21, p ϭ 0.008; RH: t (11) ϭ 3.78, p ϭ 0.003), and cuneus (LH: t (11) ϭ 3.45, p ϭ 0.005; RH: t (11) ϭ 3.57, p ϭ 0.004) and no difference between Allo versus Color tasks. This might be because early visual cortex was not selective for spatial memory in our experiment (see Discussion).
In summary, these results demonstrate a parietofrontal network involved in spatial memory of target for reaching movements. In particular, we show the presence of allocentric target representation in early visual areas in addition to an overlapping parietofrontal circuit recruiting egocentric as well as allocentric target representation. In particular, whereas egocentric target coding preferentially relies on areas of the parietofrontal network, such as PMd, mIPS, and SPOC, allocentric target coding preferentially relies on early visual cortex, such as LG, calcarine, and cuneus. However, this coding was not discretely separate; in our task design, "egocentric" areas also showed activity in the allocentric task, and "allocentric" areas also showed activity in the Color task.
Egocentric directional selectivity: target location relative to gaze
Next, we examined the directional selectivity revealed by cortical activation during the delay phase using Contrast no. 3 [Delay Ego (Target Right of Gaze) Ͼ Delay Ego (Target Left of Gaze)]. The Talairach coordinates of the brain areas are reported in Table 3 . As shown in Figure 6 , this contrast revealed higher activation for right versus left target location relative to the gaze in the left superior occipital gyrus (SOG) (t (11) ϭ 3.00, p ϭ 0.012) and inferior occipital gyrus IOG (t (11) ϭ 3.00, p ϭ 0.012). Neither area showed significant egocentric direction specificity in either the allocentric or color tasks, suggesting that the egocentric coding scheme in SOG and IOG was task-dependent. There was no active voxel showing higher activation for targets presented to the left compared with the right of the gaze in the egocentric reach task.
To investigate whether there were additional areas showing egocentric directional selectivity in the allocentric task, we ran the contrast [Delay Allo (Target Right of Gaze) Ͼ Delay Allo (Target Left of Gaze)]. This analysis revealed an additional area (data not shown) in the right calcarine sulcus that showed higher activation for right versus left target location relative to gaze in Allo (t (11) ϭ 3.05, p ϭ 0.011). However, this area also showed egocentric directional specificity in color (t (11) ϭ 3.15, p ϭ 0.009), suggesting that the egocentric directional specificity observed in this area was not specific for reach tasks. 
Allocentric directional selectivity: target location relative to landmark
The key element to the design of this study was that it allowed us to analyze the neural coding of reach targets relative to visual landmarks in the allocentric reach task. To determine which brain regions were involved in allocentric directional selectivity of target location relative to the landmark, independent of other visual features, we performed Contrasts no. 4 [Delay Allo (Target Right of Landmark) Ͼ Delay Allo (Target Left of Landmark)]. The brain areas revealed by this contrast are shown in Figure 7 . Talaraich coordinates are shown in Table 3 . As illustrated in Figure 7A , area IOG (t (11) ϭ 4.07, p ϭ 0.002) in the left hemisphere showed higher activation for target to the right versus left of the landmark. In addition, inferior temporal gyrus (ITG) in the left hemisphere (LH: t (11) ϭ 3.13, p ϭ 0.009) showed higher activation for target to the left versus right of the landmark (Fig. 7B) . These regions showed no significant allocentric coding during the egocentric reach and color report tasks, suggesting that these allocentric coding results are task specific.
To investigate whether there were additional areas showing allocentric directional selectivity in the egocentric task, we ran the contrast [Delay Ego (Target Right of Landmark) Ͼ Delay Ego (Target Left of Landmark)]. We found no significant active voxel for this contrast.
To summarize, we found significant allocentric directional selectivity in ITG and IOG. These results suggest that temporal and early visual cortices are specifically involved in the allocentric coding of remembered target location in a task where allocentric landmark location is unpredictable.
Reach direction during movement response
As noted above, we did not observe egocentric directional selectivity in parietal or frontal cortex during the delay phase, unlike previous fMRI studies where reach direction could be planned during the delay phase (Medendorp et al., 2003 (Medendorp et al., , 2005b Fernandez-Ruiz et al., 2007) . This may have been because, in our delay phase, subjects could not yet plan the horizontal position of the actual reach. To test whether this was the case, we performed Contrast no. 5 [Reach (Target Right of Gaze) Ͼ Reach (Target Left of Gaze)] during the response phase, that is, after reach direction was cued by either the reappearance of the landmark (Allo task) or the pro/anti instruction (Ego task). The hand was not visible to subjects during reach; therefore, these responses were not contaminated by visual feedback. The brain areas revealed by these contrasts are shown in Figure 8 , and the Talairach coordinates are shown in Table 4 .
This analysis revealed contralateral egocentric directional selectivity, primarily in the left hemisphere, including several parietofrontal areas that did not show directional selectivity during the delay phase. As shown in Figure 8 , there was higher activation for reaching movements to the right versus left of gaze in the Ego task in left PMd, SMA, M1, S1, superior parietal lobe (SPL), extrastriate cortex and lateral occipital complex (LOC). In addi- tion, precentral gyrus, posterior intraparietal sulcus (pIPS), extrastriate cortex, LOC, calcarine, and LG showed higher activation for movements to the right as opposed to the left of gaze in the Allo task. Only three regions in the right hemisphere showed directional selectivity (this time preferring movements left vs right of gaze) in the Ego and Allo tasks, respectively. Specifically, this pattern was revealed in mIPS, angular gyrus (AG), and pIPS for the Ego task, while in SPL, calcarine and LG for the Allo task. In summary, during the response phase, we found egocentric directional selectivity in occipital, parietal, and frontal cortex, with structures in both hemispheres showing a directional preference for reaches made to the contralateral side relative to gaze.
Discussion
In this study, we used an experimental design that distinguished between egocentric versus allocentric coding of a reach target during the delay phase, and temporally separated target location memory from motor planning by only cuing reach direction at the start of the response phase. This distinguishes our experiment both from imaging studies that tested allocentric memory through some type of spatial judgment and from reach tasks where movement direction was cued from the beginning of each trial. Further, our analysis discriminated between (1) cortical areas that were active during egocentric and allocentric target coding, (2) areas that were differentially active for egocentric versus allocentric target coding, and (3) areas that were spatially selective in either egocentric or allocentric coordinates. This analysis revealed widespread, partially overlapping, patterns of cortical activation in the delay phase with, most importantly, divergent occipital-temporal mechanisms for allocentric versus egocentric target direction coding. Additional parietofrontal mechanisms for reach direction coding emerged during the response phase. We will consider each of these findings in detail. , 2005a Brown et al., 2004 Brown et al., , 2006 Prado et al., 2005; Fernandez-Ruiz et al., 2007; Beurze et al., 2009; Cavina-Pratesi et al., 2010; Fabbri et al., 2012; Konen et al., 2013) . Our study generally agrees with their findings but places a stronger emphasis on target coding during our delay phase. Our delay phase analysis revealed considerable overlap in extrastriate, parietal, and frontal areas involved in both allocentric and egocentric coding of reach targets compared with the nonspatial control task (color). However, bilateral SPOC and right PMd showed a preference for egocentric reach target coding, whereas early visual cortex (LG, calcarine, and cuneus) showed a preference for allocentric reach target coding. This allocentric preference in early visual cortex might be because this type of task requires subjects to remember multiple visual stimuli, whereas subjects only have to remember one visual stimulus in an egocentric task. Further, early visual cortex also showed higher activation in the color compared with the ego task, so it was not selective for spatial memory in our experiment. These results are consistent with imaging studies that have implicated occipital cortex in both spatial and feature-specific memory Merriam et al., 2007; Harrison and Tong, 2009) .
Unlike previous neuroimaging studies of allocentric coding that involved perceptual judgments Committeri et al., 2004; Neggers et al., 2006; Zaehle et al., 2007) or manual judgments (Thaler and Goodale, 2011) , we did not find higher allocentric activation in LOC or posterior parietal cortex (PPC) in our delay phase. This might be because our behavioral task separated the storage of target information during this phase from the response, whereas these processes were integrated in previous paradigms. Comparing across these studies suggests that the neural mechanisms used for allocentric coding are task-dependent.
Directional coding during the delay phase
Previous imaging studies demonstrated a preference for contralateral reach coding in gaze-centered coordinates in PPC (Medendorp et al., 2003 (Medendorp et al., , 2005 Fernandez-Ruiz et al., 2007) . Previous imaging studies of allocentric judgments did not specifically test for allocentric directional selectivity (i.e., target location relative to cue) (Fink et al., 2000; Committeri et al., 2004; Neggers et al., 2006; Zaehle et al., 2007; Thaler and Goodale, 2011) . However, neurophysiological studies have shown that saccade-related responses in parietofrontal neurons can code relative locations within an object (Olson and Gettner, 1995; Olson and Tremblay, 2000; Sabes et al., 2002; Olson, 2003) . This analysis has not been done in a reach task.
Here, during the delay phase, we found a preference for contralateral reach targets (relative to gaze/midline) in left IOG and SOG during the egocentric task, whereas IOG and ITG coded target direction relative to a visual landmark in the allocentric task. These responses may represent the cumulative population activity of neurons with directional modulations similar to those reported in the previous oculomotor studies (e.g., Olson, 2003) . The involvement of IOG in both egocentric and allocentric directional selectivity may indicate that these structures form a common hub for different types of visuospatial memory, whereas the differentiation of SOG for egocentric memory versus ITG for allocentric memory is consistent with previous theories of functional specialization within the dorsal and ventral visual streams Schenk, 2006) . Again, these findings suggest a degree of task specificity not evident in previous perceptual studies (Merriam et al., 2007; Harrison and Tong, 2009 ).
As in a previous study (Committeri et al., 2004) , ours defined target locations relative to a mobile reference point, and both studies observed allocentric-specific activation in ventrolateral occipital-temporal cortex. In natural circumstances, egocentric and allocentric cues are stable and agree with each other. Thus, they can be optimally integrated for reach (Byrne and Crawford, 2010) , which likely involves cooperative network connections between the areas described in the current study. Finally, we used an explicit allocentric task; different cortical mechanisms may be involved in tasks where allocentric information is implicit (Byrne and Crawford, 2010) .
Parietofrontal direction selectivity in delay versus response phases
We observed general activation of the parietofrontal reach network in the delay phase of both of our spatial tasks, presumably because our subjects were expecting to apply a rule-based visuomotor transformation upon the arrival of the subsequent gosignal for a reach movement (Hawkins et al., 2013) . However, we were surprised that this activation was not directionally selective. This contradicts a study that reported ipsilateral direction preference in the monkey parietal reach region and PMd during a task very similar to our egocentric task (Westendorff et al., 2010) , but those responses may have been biased by lengthy training on the anti-reach task. Conversely, the lack of parietofrontal direction selectivity in our delay phase data appears to contradict studies that showed contralateral directional selectivity in PPC during the delay between viewing a target and reaching toward it (Medendorp et al., 2005a; Gail and Andersen, 2006) . However, our subjects did not know what direction they would reach, relative to gaze/midline until the end of the delay phase. Thus, only target direction was coded in this phase, and our data suggest that this is not sufficient to evoke measureable parietofrontal direction selectivity in the human.
The latter conclusion suggests that additional motor signals are required to evoke parietofrontal direction selectivity. To test this, we analyzed egocentric directional selectivity during our response phase, after movement direction was specified. As predicted, directional selectivity reappeared through most of the expected components of the human parietofrontal reach network, including mIPS, SPL, AG, and PMd (Filimon, 2010; Vesia and Crawford, 2012) . These data likely contained signals related to transformation of target memory into motor plans, commands, motor execution, and propriopceptive (but not visual) feedback. However, comparing the current data to studies where planning was separated from motor execution suggests that the conversion of target coding into planning, or planning itself, is sufficient to produce directional tuning in parietofrontal cortex (Medendorp et al., 2005a; Gail and Andersen, 2006) . These conclusions are harder to reconcile with studies that showed spatial selectivity in PPC in the absence of any overt movement (Duhamel et al., 1992; Colby et al., 1995; Merriam et al., 2003) . It is possible that those subjects implicitly use motor imagery to help remember target location. Conversely, it is possible that, in our delay phase, parietofrontal target signals were masked by directionally nonspecific reach plans. Otherwise, our findings generally agree with the literature on movement planning in parietofrontal cortex (Kalaska and Crammond, 1992; Kalaska et al., 1997; Kakei et al., 2001; Andersen and Buneo, 2002; Beurze et al., 2009; Filimon et al., 2009 ).
Asymmetry of cortical responses
Overall, we found a greater propensity for left hemisphere activation (and concomitantly rightward target coding) in both the delay and response phases. This might be explained by inter-actions between hand laterization and visual hemifield lateralization (Perenin and Vighetto, 1988; Rossetti et al., 2003; Medendorp et al., 2005b; Beurze et al., 2007; Blangero et al., 2007; Vesia and Crawford, 2012) . This has been shown before in parietal cortex (Fernandez-Ruiz et al., 2007) but is somewhat surprising that it also occurred in occipital cortex. Possibly this reflects feedback of reach signals to these areas. For example, even though subjects could not see their hand in our task, they may have visualized it (Filimon et al., 2007) . It is also possible that this is related to attentional enhancement of visual stimuli near the hand (di Pellegrino and Frassinetti, 2000; Reed et al., 2006; Abrams et al., 2008) . Together with our main result that occipital cortex encodes reach targets in both egocentric and allocentric coordinates, these results support the notion that occipital cortex plays a more important role in the guidance of action than often assumed (Pasternak and Greenlee, 2005) .
